ABSTRACT The addition of naturally occurring polyamines and inorganic ions to an in vitro protein-synthesizing system improved the extent and fidelity of translation. In such an optimized system, regeneration of the nucleoside triphosphates with phosphoenolpyruvate and pyruvate kinase (ATP:pyruvate 2-O-phosphotransferase, EC 2.7.1.40) reduced further the missense error frequency to the in vivo level as well as enhanced the extent of translation. The effect of nucleoside triphosphate regeneration was shown to be due primarily to the increase in the ratio of adenosine and guanosine triphosphates to their hydrolysis products and only marginally due to the increase in the absolute concentrations of the nucleoside triphosphates.
The frequency of missense errors of translation during in vmvo protein synthesis is approximately 1 in 10,000 (1) (2) (3) (4) (5) (6) (7) (8) . In contrast, in vitro translation systems generally yield missense errors at frequencies that are orders of magnitude higher (4) (5) (6) . Clearly, the relevant biochemical preparations are not functioning properly in vitro, and this in turn hampers attempts to elucidate the mechanism of translation with such systems. There are, however, two lines of study that suggest ways to improve the fidelity of translation in vitro. The most straightforward one concerns the ionic complexion of the in vitro systems. These are usually optimized with magnesium, potassium, or ammonium ions. However, the cytosol of bacteria, as well as of eukaryotes, also contains relatively high concentrations of calcium ions and of polyamines (7) (8) (9) (10) (11) (12) (13) . Furthermore, we have previously shown that optimization of an in vitro translation system from Escherichia coli with a mixture of these naturally occurring cations has two effects: the characteristic phenotypes of mutant ribosomes become clearer and the frequencies of translation errors are reduced (14) (15) (16) . Some similar phenomena have also been observed in Bacillus stearothermophilus (6) . Such results indicate that one can improve in vitro translation systems by paying more attention to their ion content.
More recently, it has been suggested by Hopfield (17) and Ninio (18) that substrates such as ATP and GTP may play critical roles in controlling translation by means of proofreading mechanisms. Following these authors it could be shown (19) that any selection system involving ATP or GTP as cosubstrates could proceed faster and more accurately if the steady-state concentrations of these nucleotides were displaced far from equilibrium with their hydrolysis products (AMP or GDP, respectively, in protein synthesis). According to these theoretical studies, nucleoside triphosphate regeneration systems could play a critical role in improving the performance of in vitro translation systems. Accordingly, we have constructed an in vitro translation system that is optimized with a complex mixture of naturally occurring cations and is driven by a simple nucleoside triphosphate regeneration system. Two novel results were obtained. First, the error frequency of poly(U) translation could be reduced to close to 1 in 10,000; second, evidence was obtained suggesting that it is the displacement from equilibrium of the nucleoside triphosphates that significantly reduces the error frequency during translation.
MATERIALS AND METHODS
Purifications. Starting preparations of ribosomes and of ribosomal subunits were obtained from frozen E. coli MRE600 as described (19, 20) . These were further purified by recovering the 70S ribosomes from 5-30% sucrose gradients containing 10 mM Tris-HCl, 4 mM magnesium acetate, and 60 mM potassium chloride after a 9-hr centrifugation in a Spinco SW rotor. Such ribosomes were stored at -80'C and were refrozen and reused only once.
The soluble fraction II of Wood and Berg (21) was prepared from E. coli K-12 P99C, grown as described (22) . This soluble fraction was stored at -80'C and was not refrozen or reused.
Chemicals. E. coli RNA from strain MRE600 was purchased from Boehringer Mannheim. Preparations of poly(U), poly-(G,U), ATP In Vitro Translation. The assay mixtures used are described in detail in the Results. Incubation was for 30 min at 370C; the reactions were stopped by the addition of 3 ml of a solution containing 5% trichloroacetic acid and either 1% casein amino acids or 0.5% each phenylalanine and the other amino acid present in the assay. The resulting precipitate suspensions were heated for 15 min at 1000C and collected on Whatman GF/A glass filters. The filters were then washed nine times with 6 ml of the same trichloroacetic acid/amino acids solution. Care was taken to rinse the assay tubes, the funnel of the filter holder, and especially the edges of the filters after removar of the funnel. Finally, the filters were washed three times with 2 drawn at different times and analyzed on thin-layer plates, which were developed with a buffer containing either 0.75 M potassium phosphate (pH 3.5) for guanine nucleotides or 0.25 M potassium phosphate (pH 3.5) for adenine nucleotides. After the development was complete, the dried plates were dipped into ether containing 10% (wt/vol) 2,5-diphenyloxazole and fluorographed with x-ray film at -80°C for 24 hr. The developed films were scanned with a Joyce-Loebel densitometer.
RESULTS
Conventional in vitro translation systems are usually incubated in buffers containing 10 mM Tris-HCl, 10 mM magnesium ion, and 100 mM ammonium (or potassium) ion and a reducing agent such as 1 mM dithiothreitol at pH 7.6 (24) . We have compared the activities of a translation system in such a minimal buffer with that of the same system in a complex mixture of naturally occurring cations, which we call the "polymix." The polymix is described in Table 1 ; it contains, in addition to magnesium and potassium ions, calcium ions and the polyamines spermidine and putrescine. The makeup of this buffer was reached after many experiments, and its composition will be discussed below. Fig. 1 describes the tRNA concentration dependence of phenylalanine incorporation into polypeptides by a poly(U)-primed system in minimal buffer (curve A) and in the polymix (curve B). Not only did the polymix support polypeptide formation more effectively than did the minimal buffer, but an anomalous inhibitory effect of higher concentrations of tRNA was abolished in the polymix.
The effect of the addition of a nucleoside triphosphate regeneration system is also depicted in Fig. 1 . Here, the addition of P-Prv and the corresponding kinase had the effect of stimulating polypeptide synthesis in both minimal buffer (curve C) and in polymix (curve D). Clearly, polymix plus the regeneration system provided by far the most effective incubation mixture, which reached a plateau of activity at the higher tRNA concentrations.
An in vitro system translating a homopolymer differs from a system translating natural messengers because only a single codon is to be translated in the former system. As a consequence, the ratio of cognate aminoacyl-tRNAs to working ribosomes will be much lower in the poly(U)-primed system for a given concentration of unfractionated tRNA than it would be for a system translating a random population of codons. It is therefore (curves A and C) 10 mM Tris-HCl/10 mM Mg2+/100 mM NH4Cl/1 mM dithioerythritol, at pH 7.6; (curves B and D) optimized polymix (Table 1) . It also contained: (curves A and B) 1 mM ATP plus 0.5 mM GTP; (curves C and D) the complete energy mix ( Table 1 ).
noteworthy that the plateau in activity seen in Fig. 1 , curve D, corresponded to a cognate tRNA/ribosome ratio a little lower than that found in vio (estimated roughly at 2:1 compared to 10:1 in vivo). When leucine incorporation was measured in the same experiments, it was possible to obtain an index of the missense error frequency under the indicated conditions. Such data are summarized in Fig. 2 . It is evident here that conditions that optimize the extent of polypeptide synthesis also minimize the leucine error so that the polymix system supplemented with a nucleoside triphosphate regeneration system supported the most effective translation with respect to both extent and accuracy.
Similar results have been obtained with the isoleucine and valine errors of poly(U) translation. However, because leucine incorporation is always greater than that for the other noncognate amino acids, we concentrated on this particular missense error. Indeed, isoleucine and valine incorporation under our optimal conditions were approximately one-fifth that of leucine and, therefore, approached the limits of resolution of our assay (results not shown).
Any selection system samples the free concentrations of the competing substrate species. Therefore, the relative concentrations of free leucyl-tRNA and phenylalanyl-tRNA will influence the error frequencies in our assays. This means that at low tRNA concentrations the fraction of phenylalanyl-tRNA that is bound to ribosomes will be dominant and, therefore, that the ratio of free leucyl-tRNA to phenylalanyl-tRNA will be very much greater than 1. Hence, as the total tRNA concentration is raised, we would expect the error frequency with a fixed concentration of ribosomes to decrease. This is the behavior of our system under all of the conditions we have studied (Fig.  2) .
Our interpretations of the data in Fig. 2 depend so far on the assumption that under our optimized conditions the lower missense error frequency is not an artifact due, for example, to an inactivation of leucyl-tRNA synthetase. We have per- formed two sorts of experiments to check this assumption. First, we have found that the level of charging of leucine tRNA is not inhibited by our optimal conditions when compared with the conventional system (data not shown). Second, and more convincing, is the demonstration that under optimal conditions for poly(U) translation, leucine incorporation is stimulated by the presence of poly(U,G), which contains the leucine codon UpUpG (Table 2) . In other words, leucine incorporation is truly codon dependent in our optimal system. In addition, we have studied the effect of pyruvate kinase on the fate of adenine and guanine nucleotides in the polymix during polypeptide synthesis. Radioactive adenosine monophosphate or radioactive guanosine diphosphate was added separately to the incubation mixtures in the presence of excess amounts of unlabeled ATP and GTP. The data in Fig. 3 show that at least 90% of both labeled nucleotides was converted to the corresponding triphosphate within 5 min of incubation in the unsupplemented system. The effect of the addition of P-Prv and kinase is merely to drive the low ambient concentrations of AMP, ADP, and GDP to nondetectable levels. These observations suggest that the exogenous regeneration system does not exert its pronounced effect on the error frequency so much by increasing the absolute concentrations of the nucleoside triphosphates as by increasing the steady-state ratios of the triphosphates to their corresponding hydrolytic products, as postulated previously (19) .
The data in Fig. 3 show that in the presence of P-Prv and pyruvate kinase virtually all of the adenine and guanine nucleotides were maintained during the incubations as the nucleoside triphosphates. This means that by varying the initial concentrations of these nucleotides, the influence of the steady-state concentrations of ATP and GTP on the extent and fidelity of translation can be studied. Such data are summarized in Fig. 4 , from which two conclusions can be drawn. First, even over the narrow range of concentrations studied in detail, it is evident that both ATP and GTP at appropriate concentrations are required to maximize the extent of synthesis and to mini- Table 1 except ATP and GTP concentrations as shown. At higher concentrations of ATP and GTP we observed a significant decrease in efficiency, at least partly due to the triphosphates' chelating properties (data not shown).
mize the missense error frequency. Second, the optimal nucleotide concentrations are not identical for the extent of synthesis and for the fidelity of translation. We offer no explanation at the present time for this small discrepancy. Instead, we have simply taken 1 mM ATP and 0.5 mM GTP as convenient standard concentrations for routine assays.
DISCUSSION
Our data show that a combination of several naturally occurring cations, as well as a nucleoside triphosphate regeneration system, improve the performance of an in vitro translation system in a dramatic fashion. Not only is the extent of polypeptide synthesis enhanced, but there is a concomitant decrease of the missense error frequency down to a level approaching that in the living bacterium. Indeed, the missense errors decrease almost two orders of magnitude in going from the minimal system to our optimal conditions. Not a single one of the critical elements of our system is new. Thus, nucleoside triphosphate regeneration has been used as a matter of routine procedure for nearly 20 years (24) and components of our polymix have been recognized as helpful almost equally long (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . What is new is the combination of these components at concentrations that are systematically balanced against each other. For example, the addition of 4 mM spermidine to incubation mixtures containing magnesium ion as the only other polyvalent cation is deleterious (ref. 6 and our unpublished results). However, at proper concentrations of the other members of the polymix, 1 mM spermidine enhances the performance of the system.
Similarly, the addition of the nucleoside triphosphate regeneration system is useless if it is not accompanied by appropriate amounts of both ATP and GTP (see Fig. 4 ). Because the kinase can independently regenerate both ATP and GTP (25) , such results indicate that the effect of the regeneration system is not easily attributed to the release of a single rate-or accuracy-limiting step in the system. In other words, our data suggest that both aminoacyl-tRNA synthetase-and ribosome-associated reactions are affected coordinately by the action of the regeneration system. Most significant is our finding that the effect of an exogenous nucleoside triphosphate regeneration system is apparently not due to a simple increase of the absolute concentrations of ATP and GTP in the incubation mixtures. Thus, the concentrations of ATP and GTP are increased by roughly 10% when the mixtures are supplemented by an exogenous regeneration system. In contrast, the extent of polypeptide synthesis increases 4-fold and the missense error decreases about 10-fold in response to this supplement. These results are consistent with the suggestion that at a fixed inorganic phosphate concentration the ratio of ATP to AMP and that of GTP to GDP will control the rate and error frequency of translation (19) . This point requires further comment.
In the original description of the kinetic proofreading model (17) it was recognized that a suitable editing mechanism would require that at least one of the kinetic intermediates be driven far from thermal equilibrium. This displacement from equilibrium is needed to ensure that back reactions of product species do not work against the selective flow of correct substrate through the system. It was suggested, therefore, that by coupling the selection process to the hydrolysis of a nucleoside triphosphate, a high-energy intermediate, displaced far from thermal equilibrium, would be generated and this intermediate could drive the necessary irreversible step.
An alternative way of viewing the irreversibility of such reactions has been discussed more recently (19) . Here, it is assumed that the products of nucleoside triphosphate hydrolysis (e.g., GDP and AMP) are used rapidly to regenerate the nucleoside triphosphate. Hence, the back reactions will be limited by the relatively low ambient concentrations of hydrolysis products, while forward reactions will be favored by the relatively high ambient concentrations of the triphosphates. The irreversibility of the selection process would then be a simple function of the displacement of the nucleoside triphosphates from equilibrium with their hydrolytic products. For example, at a fixed inorganic phosphate concentration, the flux of selected product in a system coupled to GTP hydrolysis could be controlled simply by the ambient GTP/GDP ratio. Relevant to the present results is the demonstration (19) that any selection Biochemistry: Jelenc and Kurland 3178 Biochemistry: Jelenc and Kurland system, be it a proofreading or a conventional process, absolutely requires such displacements of substrates and products from equilibrium. Accordingly, the present experimental correlation of the GTP/GDP and ATP/AMP ratios with the extent and accuracy of translation in vitro does not permit us to determine whether or not any of the components of the system are using a proofreading mechanism.
Nevertheless, conditions for high-fidelity translation in vitro are in demand, as is readily documented by two recent publications. It has been suggested by one group (26) that neither GTP nor factors are required for accurate translation in vitro. In contrast, another group (27) has claimed to have identified a GTP-dependent proofreading event during the elongation factor Tu-dependent binding of aminoacyl-tRNA to ribosomes. These conflicting claims are difficult to assess because of a variety of experimental ambiguities discussed elsewhere (19) . Foremost among these problems is that both sets of experiments were done under conditions in which the error rates of poly(U) translation are significantly greater than 1%. Indeed, it is difficult to understand how a proofreading mechanism can operate (27) and not yield an accuracy that is as great as that of codon-anticodon interactions in the absence of ribosomes as well as factors. It is possible that such issues may be resolved by attending to those variables which we suggest influence the accuracy of translation in vitro.
The optimizations reported here, however, should not be taken as definitive; indeed, several observations underscore the tentative character of our system. First, we have found that different ribosome preparations functioning under our optimal conditions display a broad range of error frequencies. Second, the cation concentrations we have used are not unique; for example, it is possible to obtain comparable performance when the system contains lower magnesium ion and higher putrescine concentrations. Third, we have preliminary evidence that two additional, naturally occurring divalent cations can further enhance the performance of our translation system. Nevertheless, in the present system optimization of the extent of polypeptide synthesis leads to a decrease of missense errors to levels approaching those of translation in vivo.
